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Abstract 
 
Mortality is a major concern in larval fish rearing during exogenous feeding. An important 
cause of mortality of larval yellowtail kingfish (Seriola lalandi) during the rotifer – Artemia 
weaning period was hypothesized as being due to larval sinking response after satiated 
feeding prior to dusk. This paper documents the effect of larval body density change under 
different Artemia feeding regimes and adds to the understanding of the cause of mortality of 
yellowtail kingfish larvae. The change in body density was used as a tool to determine the 
time of last feed in a day to ensure larvae were neutrally buoyant at dusk. An adaptive 
Artemia feeding regime was implemented, in which the amount of feed applied to the larvae 
was modified based on the body density. Larvae were denser than the seawater in which they 
were reared when fully satiated with Artemia. The time required to return to pre-feeding 
density significantly decreased with larval age. At 12 days post hatch (dph), the peak in body 
density of larvae fed Artemia to satiation was 1.0320 g cm
-3 and they did not return to a pre-
feeding body density (1.0260 g cm
-3, for approximately 10 h. By 19 dph, larval body density 
only increased to 1.0275 g cm
-3 when larvae were fully satiated and they were neutrally 
buoyant again by 4 h. The decrease in larval body density when fully satiated at 16 dph 
demonstrated that overfeeding larvae with Artemia should be avoided prior to dusk before 
this age to maintain neutral buoyancy. The use of the adaptive regime reduced mortality by 
20% compared with the control, from 13 to 17 dph, without sacrificing larval growth. 
Transition to Artemia feeding is a critical stage for yellowtail kingfish larvae and mortalities 
can be significantly reduced during this period by managing the timing of Artemia feeds 
throughout the day. The strategy of an adaptive feeding method may be considered a novel 
management tool to prevent larval sinking and associated mortality during the period of 
weaning from rotifers to Artemia during larval rearing. ACCEPTED MANUSCRIPT
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1. Introduction 
 
As with many marine fish species, the mortality of yellowtail kingfish (Seriola lalandi) larvae 
is an important bottleneck to the efficient commercial production of fingerlings, with 
mortality rates prior to metamorphosis typically exceeding 80% (Fielder and Heasman, 
2011). Although the causes of larval mortality are many, such as inadequate nutrition and 
abiotic factors (Fielder and Heasman, 2011), and the occurrence of mortality is often difficult 
to predict (Tachihara et al., 1997; Houde, 2001), It has been reported that an important 
mortality event often occurs in the early Artemia feeding period (Dhert et al. 1998).  
 
Previous studies have investigated the optimisation of abiotic factors such as photoperiod, 
light intensity (Carton, 2005), temperature (Blaxter, 1992) or salinity (Mangino and 
Watanabe, 2006) to increase larval survival. Likewise, it is well understood that nutrition is a 
critical factor for proper larval development (Watanabe and Kiron, 1994; Hilton et al., 2008) 
and some studies have been conducted on optimising the nutritional value of live prey fed to 
Seriola spp. larvae to yield higher survival rates (Yamamoto et al., 2008; Hamasaki et al., 
2009). However, prey ingestion associated with the physical change of larvae, such as body 
density, has not been investigated. Fish body density is an important factor regulating fish 
position and feeding behaviour in an aquaculture setting (Woolley and Qin, 2010). In 
Australian hatcheries, yellowtail kingfish are fed large strain rotifers (Brachionus plicatilis) at 
first feed, then fed Artemia sp. from around 12 days post hatch (dph), generally when larvae 
reach a total length 5 to 6 mm (Fielder and Heasman, 2011), before larvae are weaned onto 
artificial micro-compound diets (Chen et al., 2006a). Rotifers and Artemia are repeatedly 
added to the rearing water to maintain a suitable live feed density. However, the daily feeding 
frequency has not been scrutinised in larval rearing to examine the impact on body density of ACCEPTED MANUSCRIPT
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larvae during a diel cycle (Kotani and Fushimi, 2011). As a result, little work has been 
conducted to evaluate the negative effect of overfeeding on larvae.  
 
At present, limited published information on feeding schedules for yellowtail kingfish is 
available and optimisation of feeding strategies may not only lead to cost saving but reduced 
larval mortalities in the commercial production of yellowtail kingfish. Dhert et al. (1998) 
found that the most important larval mortality occurs in the late rotifer or early Artemia 
feeding period, which coincides to our observation on the time of mass mortality in the larvae 
of yellowtail kingfish.  
 
During early rearing, changes in larval body density are associated with intrinsic factors 
including swimbladder inflation, changes in body composition (Woolley and Qin, 2010) and 
feed intake (Catalán, et al., 2011). Larval body density affects larval distribution in tanks and 
larvae that are negatively buoyant (i.e., denser than the surrounding environment) are likely 
to sink to the tank bottom leading to possible mortality (Doroshev et al., 1981). Buoyancy 
compensation is provided by an inflated swimbladder as the gases in the swimbladder reduce 
the specific gravity of the fish so that it is near or equal to that of the surrounding water 
(Woolley and Qin, 2010). It is documented that changes in body density occur during larval 
development and some species, such as Pacific bluefin tuna Thunnus orientalis (Takashi et 
al., 2006) and red sea bream Pagrus major (Kitajima et al., 1993), have diel change in body 
density between light and dark phases. During the dark phase, larvae with increased body 
density are more prone to mortality due to sinking as swimming activity reduces (Partridge et 
al., 2011).  
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In a preliminary trial, yellowtail kingfish larvae fully satiated with Artemia were denser than 
their surrounding environment during the transitional feeding period from rotifers to Artemia 
(L. Woolley, unpublished data). In this study, it was hypothesized that the diel timing of 
Artemia feeding would affect larval body density at the beginning of the dark phase and that 
the manipulation of the timing of feed provisions could subsequently reduce larval mortalities 
by preventing the night-time sinking of negatively buoyant larvae. Despite some studies 
describing the change in larval body density over time, (Brix, 2002; Kitajima et al., 1993, 
Takashi et al., 2006), to the best of our knowledge in published literature it has not been used 
as a means to regulate feed regimes in an attempt to reduce larval mortality. This paper aims 
to determine if mortality during the rotifer-Artemia transitional period is related to body 
density and if so whether such mortalities can be reduced through manipulation of feed 
delivery times or prey type.   
 
2. Materials and Methods 
 
2.1 Larval fish rearing system 
 
Fertilized yellowtail kingfish eggs were sourced from broodstock at the Australian Centre for 
Applied Aquaculture Research, Fremantle, Western Australia. The eggs were hatched in a 
1000 L incubator at 22 °C. After hatching, larvae were randomly stocked into twelve 300 L 
tanks at 45 larvae L
-1. The rearing tanks were part of a flow-through system supplied with 
filtered seawater (density: 1.0260 g cm
-3, 34 ‰) with an exchange rate of 54 L h
-1 (450% 
daily water exchange) in each tank. Each four rearing tanks were floated in three 5000 L 
tanks to maintain the temperature at 24 ± 0.4 °C throughout the experiment. Two airstones 
were placed in each tank to maintain the dissolved oxygen concentrations at >6 mg L
-1 and ACCEPTED MANUSCRIPT
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provide sufficient water currents for the larvae to keep them within the water column. A 
diffused metal halide light (400 W) above each 5000 L tank provided a surface light intensity 
of 1150 – 1800 lx (16.2 – 25.4 µmol s
-1 m
-2)
 at the centre of each rearing tank for a 
photoperiod of 10 h light (0700 to 1700 h) and 14 h dark. Microalgal paste (Nannochloropsis 
sp., Instant Algae, Reed Mariculture Inc, USA) was added to the rearing tanks to maintain a 
cell density of 510
5 -110
6 cells mL
-1. Larvae were fed rotifers (Brachionus plicatilis) 
enriched with Spresso (INVE Aquaculture, Belgium) according to the manufacturer’s 
instructions from 3 dph. Larvae were fed rotifers three times per day (0800, 1100 and 1400 h) 
to a target density (3 ind mL
-1 on 3 dph increasing to 10 ind mL
-1 by 11 dph). 
 
2.2 Experimental Design 
 
The first experiment included two Artemia feeding regimes.  On 12 dph, 10 rearing tanks 
(300 L) were randomly allocated to one of two Artemia feeding treatments with five 
replicates each. In the control treatment, larvae were fed a standard (Papandroulakis et al., 
2005) Artemia ration four times per day (0800, 1030, 1300 and 1530 h) to a target density 
(0.25 ind mL
-1 on 12 dph increasing to 1 ind mL
-1 by 20 dph). The second feeding regime 
was the adaptive treatment in which larvae were fed at the same prey density per feeding as 
in the control but the number of feedings per day was determined by the change in body 
density. The time taken for the larvae to reach neutral body density after each feeding was 
used to determine the time of the last feeding for the following day. The time of the last feed 
provision was critical to ensure the neutral buoyancy of larvae at the beginning of the dark 
phase (1700 h). On 12 dph only the 0800 h feed of Artemia nauplii was given to larvae in the 
adaptive treatment. On 13 and 14 dph two Artemia feeds were given to these larvae and, on 
15, 16 and 17 dph three Artemia feeds were given. From 18 dph onwards both the control and ACCEPTED MANUSCRIPT
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the adaptive feeding treatments received all four Artemia feeds per day. Larvae were co-fed 
rotifers until 15 dph during the rotifer-Artemia transition. Larvae were fed rotifers three times 
per day to maintain a density of 6 ind mL
-1 on 12 dph decreasing to 3 ind mL
-1 by 15 dph. 
Parallel to the Artemia feeding regime treatments, an additional rotifer-only treatment was 
conducted to compare the impact of feed types on larval body density. Larvae in two rearing 
tanks (300 L) were continued on the previous rotifer feeding regime of 10 ind mL
-1 three 
times per day and compared to those larvae fed the Artemia feeding regimes. Changes in 
body density were determined with different feed types and larval age. On 12 and 13 dph all 
larvae were fed newly hatched Instar I Artemia nauplii and 14 dph onwards larvae were fed 
Instar II Artemia nauplii enriched with DC-DHA Selco (INVE Aquaculture, Belgium) 
according to manufacturer’s instructions. Larvae were fed freshly hatched Instar I nauplii for 
two days in order to provide them a transition in live food sizes, as Instar I nauplii are smaller 
than enriched Instar II nauplii.  
 
2.3 Larval sampling protocol 
 
Body density, gut fullness and standard length were assessed in larvae from the two Artemia 
treatments and from the rotifer-only treatment from 12 to 19 dph. Larvae were sampled from 
each tank every morning (0700 h) before the lights were switched on and prey was 
introduced. Larvae were captured by siphoning through the water column and freshly 
anesthetized to determine their standard length (mm) , measured from the lower jaw to the 
end of the notochord, and pre-feeding body density (g cm
-3). No live food residuals remained 
in the tank as feed addition stopped on the previous day before dusk. One hour after first feed 
(0900 h) satiated larvae with an orange gut colouration were identified as having ingested 
Artemia in the Artemia feeding treatments and those with a round full gut identified as having ACCEPTED MANUSCRIPT
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ingested rotifers in the rotifer-only treatment. Thirty larvae from each tank, identified as 
having ingested prey, were placed into a clear plastic container (2.5 L) which subsequently 
floated within each rearing tank without further access to prey. At the same time, five larvae 
were sampled directly from each rearing tank and anaesthetized with 0.2 g L
-1 Aqui-S (540 g 
L
-1 isoeugenol, Aqui-S, New Zealand) before determining body density and gut fullness as 
described below. Every two hours thereafter five larvae were sampled from each 
aforementioned floating container and anaesthetized to determine larval body density and gut 
fullness. This sampling continued until the larvae were neutrally buoyant. In addition, five 
larvae were sampled directly from each rearing tank at the beginning of the dark phase (1700 
h) to determine the night-body density.   
 
Gut fullness was assessed using the feed index (FI) 1 through to 4 (after viewing each larva 
under a dissecting microscope), where 1 = empty gut, 2 = gut half full, 3 = gut full and 4 = 
gut distended. Body density was determined using the method described by Trotter et al. 
(2005). Individual larvae were pipetted into a series of 400 mL beakers containing different 
saline densities of 1.0170 to 1.0350 g cm
-3 at incremental intervals of 0.0015 g cm
-3. Each 
larva was transferred between the beakers, taking care to minimize the amount of seawater 
transferred with the larva. The body density was recorded when the larva was neutrally 
suspended in a solution. If the larva sank in one beaker and floated in the next beaker, an 
intermediate saline value between the two beakers was assigned (Kitajima et al., 1993). Only 
larvae identified as having an inflated swimbladder were used in the body density data 
analysis. Each morning before the lights were turned on, dead and moribund larvae were 
siphoned from the tanks and counted to determine the daily mortality rate for each treatment. 
Mortality was estimated by the number of dead larvae divided by the number of live larvae 
remaining in the tank to reflect the treatment effect on fish mortality between two sampling ACCEPTED MANUSCRIPT
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days. On 20 dph, 20 larvae from each tank were sampled to determine the standard length at 
termination of the trial. 
 
2.4 Statistical Analysis  
 
The change in body density was statistically tested against gut fullness, larval age, feed type 
and Artemia feeding regime (i.e. control vs. adaptive method). The relationships between gut 
fullness, time after a single feeding and body density was determined by Spearman’s 
correlation coefficient. A repeated measures ANOVA was used to determine the effect of 
larval age and Artemia feeding treatment on the body density of larvae 1 h after a single 
satiated feed. The body density change over time following a single satiated feed was 
compared between feed types (i.e. rotifer treatment vs. ‘control’ Artemia treatment) on 12 
dph using a student’s t-test. A one-way repeated ANOVA was used to determine the effect of 
larval age and Artemia feeding treatment on the time taken to return to pre-feeding density, 
body density prior to the dark phase and mortality. For all repeated measures ANOVA tests, 
larval age (i.e. dph) was selected as the within-subject factor and feeding treatment as the 
between-subject factor and each tank was used as the replication unit. If Mauchly’s test of 
sphericity was violated, the degrees of freedom were corrected using Greenhouse-Geisser 
estimates of sphericity. Pairwise comparison with Bonferroni tests were used if a significant 
difference between or within subjects was found. Growth at harvest was compared between 
the feeding methods using a one-way ANOVA on 20 dph. Significant difference was set at P 
< 0.05. All statistical analyses were performed using PASW Statistics 18 (Release 18.0.2). 
 
3. Results 
 ACCEPTED MANUSCRIPT
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Swimbladder inflation began on 3 dph and the inflation rate was above 90% by 5 dph. First 
feeding incidence was high and all sampled larvae were feeding by 4 dph. By 12 dph larvae 
had a mean length of 5.99 ± 0.23 mm at the start of the rotifer-Artemia weaning period. 
 
3.1 Effect of larval age and gut fullness on body density  
 
There was a strong, positive correlation between the gut fullness and body density. Body 
density increased as the degree of gut fullness increased during the experimental period. 
When larvae evacuated their gut, the body density decreased and there was a strong, negative 
correlation between hours post feeding and body density (Table 1). A repeated measures 
ANOVA demonstrated that the larval body density after a single satiated feed was affected by 
larval age (P < 0.001), but not by feeding regime (i.e. control vs. adaptive feeding) (P = 
0.279). As there was no significant difference between the control and adaptive feeding 
treatments, the data was pooled to illustrate the effect of age on larval body density after a 
single satiated feed (Fig. 1). The body density of larvae at 17 dph after satiated feeding was 
significantly lower than those larvae younger than 16 dph. Larvae from 17 dph onwards were 
able to maintain near-neutral buoyancy even when fully satiated (Fig. 1).  
   ACCEPTED MANUSCRIPT
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3.2. Effects of feed type, age and feeding regime on the time required to return to pre-feeding 
body density 
 
Larval body density and the time taken to return to pre-feeding buoyancy were both 
significantly affected by feed type (i.e. rotifers versus Artemia) in 12 dph larvae (P < 0.001; 
Fig. 2). The body density of rotifer-fed larvae peaked one hour after feeding (1.0277 ± 0.007 
g cm
-3) and returned to pre-feeding buoyancy within 4 h. Whereas the body density of 
Artemia-fed larvae increased to 1.0320 ± 0.008 g cm
-3 one hour after feeding and did not 
return to prefeeding levels for approximately 8 h. The body density of Artemia-fed larvae was 
significantly greater than those fed rotifers at 1, 2 and 4 h after feeding (P < 0.001).   
 
The time taken for larvae offered a single Artemia ration to return to pre-feeding density was 
significantly affected by larval age (P < 0.001) but not by Artemia feeding regime (P = 0.78) 
and there was no interaction between the factors (P = 0.169). As there was no significant 
difference in feeding treatment, the data from the control and the adaptive treatments were 
pooled to illustrate the time to return to pre-feeding density (Fig. 3). The time to reach pre-
feeding body density declined significantly from 12 to 16 dph, and then plateaued in larvae 
that were 16 to 19 dph. Pairwise comparison indicated that the time taken to return to pre-
feeding buoyancy was significantly longer in larvae at 12 and 13 dph than all other ages and 
there was no significant difference when larvae were older than 16 dph.   
   ACCEPTED MANUSCRIPT
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3.3 Effect of feeding regimes on night-body density, growth and mortality 
 
A significant interaction between feeding regime and larval age revealed that the response of 
larval night-body density (measured at 1700h) to the feeding regime was influenced by larval 
age (P < 0.001).  The body density of larvae fed the adaptive treatment remained slightly 
above neutral buoyancy at night throughout the trial (Fig. 4). Whereas, the night-body density 
of larvae fed the control treatment was significantly higher than those fed the adaptive 
treatment from 12 to 17 dph. There was no significant difference in night-body density in 
larvae over 18 dph regardless of feeding treatments (P > 0.05). 
 
Despite larvae in the adaptive treatment being fed 35% less Artemia than in the control 
treatment, the final length  of the larvae in the former treatment (7.97 ± 0.52 mm)  was not 
significantly differently (P = 0.336) to those under the latter feeding treatment (8.42 ± 0.39 
mm) on 20 dph (Fig. 5). Higher mortality was observed in larvae fed the control feeding 
treatment from 13 to 16 dph than in larvae fed the adaptive treatment (P < 0.001; Fig. 6). 
Mortality decreased by 16 dph and there was negligible mortality after 17 dph in either 
treatment.  The cumulative mortality was approximately 20% higher mortality observed 
through this period in the control treatment (34.7 ± 14.3%) than the adaptive treatment (10.5 
1.4%).  
 
4. Discussion 
 
The results of this study support our hypothesis that body density increases with gut fullness 
and that larvae entering the dark phase with a negative body density are susceptible to 
mortality caused by sinking. This phenomenon is more pronounced for younger larvae fed ACCEPTED MANUSCRIPT
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Artemia and manipulating the diel delivery time of feed addition is an effective method of 
preventing mortality associated with nocturnal sinking.  
 
Previous studies have documented patterns in ontogenetic body density associated with diel 
change, larval age and growth. However, only a few studies have dealt with the effect of gut 
fullness relating to the distribution of wild and cultured larvae and these studies suggest that 
feeding intensity is a key driver in changing larval buoyancy. Sclafani et al. (1993), for 
example, found that feed deprivation in larval cod resulted in a decrease in their body density 
and reduced sinking rates. Alternatively, feeding also appears to increase sinking rates in 
plaice and herring larvae (Blaxter and Ehrlich, 1974). Yellowtail kingfish larvae showed a 
positive correlation between the gut fullness and body density when fed Artemia. This 
correlation weakened with age and we suggest this weakening is due to improved buoyancy 
control provided by the swimbladder and/or improved digestion of Artemia as the larvae’s 
digestive system develops.   
 
Buoyancy is the primary external force acting on larvae and initial swimbladder inflation is a 
critical milestone during early larval development (Woolley and Qin, 2010). As the primary 
buoyancy organ, the swimbladder can adjust the body density of fish through changes in the 
gas volume (Hare et al., 2006). However, the swimbladder only becomes able to fully 
regulate body density when it is developed into a fully functional double-chambered organ 
(Robertson et al., 2007). In yellowtail kingfish larvae, the swimbladder was not able to 
compensate larval sinking due to the heavy body density at night during early Artemia 
feeding period. The increasing capacity of the swimbladder to cope with increasing body 
density with age was demonstrated by Takashi et al. (2006) who described the strong 
correlation between increasing swimbladder volume and the decrease in larval density in ACCEPTED MANUSCRIPT
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Pacific bluefin tuna between 5 and 9 dph. Although swimbladder inflation reduced the larval 
body density, the density was still greater than the rearing environment at all ages. Similarly, 
Hoss et al. (1989) also reported that swimbladder inflation did not necessarily overcome 
negative buoyancy in Atlantic menhaden Breevortia tyrranus larvae.   
 
Both prey type and larval age significantly affected the time to return to neutral buoyancy 
after satiated feeding. These factors are likely related to differences in digestibility between 
rotifers and Artemia and the ontogenetic digestive capacity of larvae. Previous studies 
suggest Artemia are less digestible than rotifers due to their exoskeleton which is less 
permeable to hydrolysing enzymes (Rønnestad and Morais, 2008), which supports our 
observations of a faster return to neutral buoyancy in rotifer than Artemia-fed larvae. Prior to 
the development of the gastric gland on 15 dph, digestive capacity in yellowtail kingfish 
larvae is limited (Chen et al. 2006b) because digestive capacity in carnivorous larvae is 
dependent on the exogenous enzyme supply from live prey (Rønnestad and Morais, 2008). 
The gastric gland is responsible for the expression of the gastric enzymes pepsin and trypsin 
as well as chitinase, the former being responsible for protein degradation and the latter for 
hydrolysing chitin, a major component of zooplankton exoskeleton (Wu et al., 2011). In this 
study, gut evacuation rates (as inferred by the time taken to return to pre-feeding body 
density) after feeding to satiation decreased from > 9 h in 12 and 13 dph larvae to 
approximately 4 h in 16 dph larvae, suggesting a reduction in gut evacuation rates with age. 
The advanced development of digestive enzymes in older larvae may improve Artemia 
digestibility and contribute to the quicker return to the pre-feeding body density.    
 
Larvae need to ingest more live prey to meet the increasing energy requirements for growth 
(Puvanendran et al., 2006). The dry weight and size range of Artemia nauplii is 2.43 µg ind
-1 ACCEPTED MANUSCRIPT
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and 430 – 530 µm, respectively, compared to 0.19 µg ind
-1 and 160 – 248 µm for rotifers 
(Yúfera et al., 1984). Due to their robust exoskeleton, Artemia nauplii may survive ingestion 
and transit through the digestive tract and remain intact within the intestinal lumen 
(Rønnestad and Morais, 2008). As a consequence, larvae may need to ingest a far greater 
biomass of Artemia than rotifers to meet their energetic requirements during early 
development. The ingestion of a greater mass of live prey Artemia and the poor digestibilty of 
Artemia may contribute to the significant increase in body density of Artemia satiated larvae 
compared to rotifer satiated larvae. An alternative reason for the difference in buoyancy 
between rotifers and Artemia fed larvae may relate to the difference of highly unsaturated 
fatty acids (HUFA) contents in the prey. The lower body buoyancy in Artemia satiated larvae 
may be attributed to the lipid composition of Artemia. Since docosahexaenoic acid (DHA) is 
not naturally present in Artemia nauplii, the DHA and HUFA in enriched Artemia are still 
lower than those in enriched rotifers (Nhu et al., 2009).  
 
Despite offering less Artemia, larval mortality in the adaptive feeding regime was 
significantly reduced from 12 to 15 dph. In contrast, in the control treatment where Artemia 
were fed late in the day during early Artemia feeding period, higher mortality was observed. 
The possible reason was that the continuously fed larvae became denser than their 
surrounding environment and the larvae sank at night. This is when mortalities are likely to 
occur as large numbers of larvae descend and are exposed to low dissolved oxygen or high 
bacterial loads associated with intensive aquaculture (Woolley and Qin, 2010). In this study, 
the buoyancy control through feed management improved survival. Our results show that the 
adaptive feeding regime should be applied before larvae reach 6.5 mm at 16 dph, but there is 
no need to constrain  feeding time before the dark phase after 17 dph. In contrast, it may be ACCEPTED MANUSCRIPT
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argued that rotifers be fed up 15 dph and Artemia only fed after the period where high 
mortalities are likely to be caused by sinking deaths. 
 
Appropriate management of feeding regimes leads to the improvement of larval fish 
production efficiency. This study demonstrates that the transition from rotifer to Artemia 
feeding is a critical stage for mortalities in yellowtail kingfish rearing. Mortalities can be 
significantly reduced by managing the number of Artemia feeds given throughout the day and 
ensuring larvae are neutrally buoyant during the dark phase. Larval body density can be used 
as an efficient tool to determine feeding times during the early Artemia feeding period as 
feeding intensity has a direct correlation on the body density and ultimately larval 
distribution. The implementation of the adaptive feeding treatment reduced mortality during 
the early Artemia feeding period in yellowtail kingfish larvae.  The method of adaptive 
feeding may also be applicable to larval rearing of other marine fish species. 
 
5. Acknowledgements 
 
This research was supported through funding from the Australian Seafood Cooperative 
Research Centre and a Flinders University Research Scholarship (to L. Woolley). The authors 
wish to thank the Australian Centre for Applied Aquaculture Research and staff for use of 
their facilities and support through the experiment.  
   ACCEPTED MANUSCRIPT
ACCEPTED MANUSCRIPT
 
 
18 
 
6. References 
 
Blaxter, J.H.S., Ehrlich, K.F., 1974. Changes in behaviour during starvation of herring and 
plaice larvae. in: Blaxter, J.H.S. (Ed.), The early life history of fish. Springer-Verlang, 
New York, pp. 575 - 588. 
Blaxter, J.H.S., 1992. The effect of temperature on larval fishes. Netherlands Journal of 
Zoology 42, 336 - 357. 
Brix, O., 2002. The physiology of living in water. In: Hart, P.J., Reynolds,  J.,  (Eds),  
Handbook  of  Fish  Biology  and  Fisheries,Vol. 1, pp. 70–96. Blackwell Publishing, 
Malden, USA. 
Catalán, I.A., Vollset, K.W., Morales-Nin, B., Folkvord, A., 2011. The effect of temperature 
gradients and stomach fullness on the vertical distribution of larval herring in 
experimental columns. Journal of Experimental Marine Biology and Ecology 404, 26 
- 32. 
Carton, A., 2005. The impact of light intensity and agal-induced turbidity on first-feeding 
Seriola lalandi larvae Aquaculture Research 36, 1588 - 1594. 
Chen, B., Qin, J., Kumar, M., Hutchinson, W., Clarke, S., 2006a. Ontogenetic development 
of the digestive system in yellowtail kingfish Seriola lalandi larvae. Aquaculture 256, 
489 - 501. 
Chen, B., Qin, J., Kumar, M., Hutchinson, W., Clarke, S., 2006b. Ontogenetic development 
of digestive enzymes in yellowtail kingfish Seriola lalandi larvae. Aquaculture 260, 
264 - 271. 
Davis, M.W., Olla, B.L., 1992. Comparisons of growth, behaviour and lipid concentrations of 
walleye pollock Theragra chalcogramma larvae fed lipid-enriched, lipid-deficient and 
field-collected prey. Marine Ecology Progress Series 90, 23 - 30. ACCEPTED MANUSCRIPT
ACCEPTED MANUSCRIPT
 
 
19 
 
Dhert, P., Divananch, P., Kentouri, M., Sorgeloos, P., 1998. Rearing techniques for difficult 
marine fish larvae. World Aquaculture 29, 48 - 55. 
Doroshev, S.I., Cornacchia, J.W., Hogan, K., 1981. Initial swimbladder inflation in the larvae 
of physoclistous fishes and its importance for larval culture. Rapports et Proces-
verbaux des Reunions du Counseil International pour l’Exploration de la Mer 178, 
495 - 500. 
Fielder, S., Heasman, M.P., 2011. Hatchery manual for the production of Australian bass, 
mulloway and yellowtail kingfish. Industry and Investment NSW, Orange, NSW 
Australia.  
Hamasaki, K., Tsuruoka, K., Teruya, K., Hashimoto, H., Hamada, K., Hotta, T., Mushiake, 
K., 2009. Feeding habits of hatchery-reared larvae of greater amberjack Seriola 
dumerili. Aquaculture 288, 216 - 225. 
Hare, J.A., Walsh, H.J., Wuenschel, M.J., 2006. Sinking rates of late-stage fish larvae: 
Implications for larval ingress into estuarine nursery habitats. Journal of Experimental 
Marine Biology and Ecology 330, 493 - 504. 
Hilton, Z., Poortenaar, C., Sewell, M.A., 2008. Lipid and protein utilisation during early 
development of yellowtail kingfish (Seriola lalandi). Marine Biology 154, 855 - 865. 
Houde, E., 2001. Fish Larvae. in: Steele, J., Thorpe, S., Turekian, K. (Eds.), Encyclopedia of 
Ocean Sciences. Academic press, San Diego, California, pp. 928 - 938. 
Jordaan, A., Brown, J.A., 2003. The risk of running on empty: the influence of age on 
starvation and gut fullness in larval Atlantic cod (Gardus morhua). Canadian Journal 
of Fisheries and Aquatic Sciences 60, 1289 - 1298.  
Kitajima, C., Yamane, Y., Matsui, S., Kihara, Y., Furuichi, M., 1993. Ontogenetic change in 
buoyancy in the early stage of red sea bream. Bulletin of the Japanese Society of 
Scientific Fisheries 59, 209 - 216. ACCEPTED MANUSCRIPT
ACCEPTED MANUSCRIPT
 
 
20 
 
Kotani, T., Fushimi, H., 2011. Determination of appropriate feeding schedules from diel 
feeding rhythms in finfish larviculture. Aquaculture 315, 104 - 113. 
Mangino, A., Watanabe, W.O., 2006. Combined effects of turbudity and salinity on growth, 
survival and whole body-osmolality of larval southern flounder. Journal of the World 
Aquaculture Society 37, 407 - 420. 
Moran, D., 2007. Size heterogenity, growth potential and aggression in juvenile yellowtail 
kingfish (Seriola lalandi Valenciennes). Aquaculture Research 38, 1254 – 1264.  
Navarro, J.C., Henderson, R.J., McEnvoy, L.A., Bell, M.B., Amat, F., 1999. Lipid 
conversions during enrichment of Artemia. Aquaculture 174, 155 - 166. 
Nhu, V.C., Dierckens, K., Nguyen, T.H., Tran, M.T., Sorgeloss, P., 2009. Can umbrella-stage 
Artemia fransiscana substitute enriched rotifers for Cobia (Rachycentron canadum) 
fish larvae? Aquaculture. 289, 64 - 69. 
Papandroulakis, N., Mylonas, C.C., Maingot, E., Divanach, P., 2005. First results of greater 
amberjack (Seriola dumerili) larval rearing in mesocosm. Aquaculture 250, 155 - 161. 
Partridge, G.J., Benetti, D.D., Stieglitz, J.D., Hutapea, J., McIntyre, A., Chen, B., Hutchinson, 
W., Scholey, V.P., 2011. The effect of a 24-hour photoperiod on the survival, growth 
and swim bladder inflation of pre-flexion yellowfin tuna (Thunnus albacares) larvae. 
Aquaculture 318, 471 - 474. 
Puvanendran, V., Burt, A.L., Brown, J.A., 2006. Can Atlantic cod (Gadus morhua) larvae be 
weaned faster onto dry feed at higher temperatures? Aquaculture 255, 334 - 340. 
Robertson, G.N., McGee, C.A.S., Dumbarton, T.C., Croll, R.P., Smith, F.M., 2007. 
Development of the swimbladder and its innnervations in zebrafish, Danio rerio. 
Journal of Morphology 268, 967 - 985. 
Rønnestad, I., Morais, S., 2008. Digestion. In: Finn, R.N., Kapoor, B.G. (Eds.), Fish larval 
physiology. Science Publishers, New hampshire, USA, pp. 201 - 262.  ACCEPTED MANUSCRIPT
ACCEPTED MANUSCRIPT
 
 
21 
 
Sclafani, M., Taggart, C.T., Thompson, K.R., 1993. Condition, buoyancy and the distribution 
of larval fish: implications for vertical migration and retention. Journal of Plankton 
Research 15, 415 - 435. 
Seoka, M., Takaoka, O., Nakamura, M., Kumai, H., 2000. Chemical constituents and 
digestive enzyme activities in developing larvae of purplish amberjack, Seriola 
dumerili. Bulletin Fish Laboratory Kinki University 7, 59 - 68.  
Tachihara, K., El-Zibdeh, M.K., Ishimatsu, A., 1997. Improved seed production of 
goldstriped amberjack Seriola lalandi inder hatchery conditions by injection of 
triiodothyronine (T3) to broodstock fish. Journal of World Aquauculture Society 28, 
34 - 44. 
Takashi, T., Kohno, H., Sakamoto, W., Miyashita, S., Murata, O., Sawada, Y., 2006. Diel and 
ontogenetic body density in Pacific bluefin tuna, Thunnus orientalis (Temminck and 
Schlegel), larvae. Aquaculture Research 37, 1172 - 1179. 
Trotter, A., Pankhurst, P., Battaglene, S., 2005. A finite interval of initial swimbladder 
inflation in Latris lineata revealed by sequential removal of water surface films. 
Journal of Fish Biology 67, 730 - 741. 
Watanabe, T., Kiron, V., 1994. Prospects in larval fish dietetics. Aquaculture 124, 223 - 251. 
Woolley, L.D., Qin, J.G., 2010. Swimbladder inflation and its implication to the culture of 
marine finfish larvae. Reviews in Aquaculture 2, 181 - 190. 
Wu, X., Washio, Y., Aritaki, M., Fujinami, Y., Shimizu, D., Hashimoto, H., Iwasaki, T., Uji, 
S., Suzuki, T., 2011. Staging of initial pepsinogen and chitinase expresiion and 
complete gastric gland development within the larval stomach of Japanese flounder, 
spotted halibut, seven-band grouper and greater amberjack. Aquaculture 314, 165 - 
172. ACCEPTED MANUSCRIPT
ACCEPTED MANUSCRIPT
 
 
22 
 
Yamamoto, T., Teruya, K., Hara, T., Hokazono, H., Hashimoto, H., Suzuki, N., Iwashita, Y., 
Matsunari, H., Furuita, H., Mushiake, K., 2008. Nutritional evaluation of live food 
organisms and commercial dry feeds used for seed production of amberjack, Seriola 
dumerili. Fisheries Science 74, 1096 - 1108.    
Yúfera, M., Rodriguez, A., Lubián, L.M., 1984. Zooplankton ingestion and feeding behavior 
of Penaeus kerathurus larvae reared in the laboratory. Aquaculture 42, 217 - 224. 
   ACCEPTED MANUSCRIPT
ACCEPTED MANUSCRIPT
 
 
23 
 
Table 1: Spearman’s correlation coefficient results showing effect of gut fullness (i.e. Feed 
Index) and time after feeding on body density of yellowtail kingfish larvae during the early 
Artemia feeding stage. Values are mean ± SD (n = 40 or 50, i.e., the mean of five larvae 
sampled at different times).  
 
   
   Correlation Coefficient       
Age (days            
post hatch) 
Feed Index 
(FI) 
Time  
(h)  P  N 
12  0.903  -0.962  < 0.001  50 
13  0.866  -0.941  < 0.001  50 
14  0.947  -0.951  < 0.001  50 
15  0.948  -0.971  < 0.001  50 
16  0.956  -0.944  < 0.001  40 
17  0.960  -0.965  < 0.001  40 
18  0.936  -0.950  < 0.001  40 
19  0.855  -0.878  < 0.001  44 ACCEPTED MANUSCRIPT
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Figure Legends 
Figure 1. Change in body density of Artemia-fed yellowtail kingfish larvae with age 
following a single satiated ration (P < 0.001). Different letters indicate significant differences 
between sampling days (P < 0.05). Values are mean ± SD (n = 5). The horizontal dotted line 
indicates neutral buoyancy (1.0260 g cm
-3) at ambient salinity. 
Figure 2. The effect of prey type (rotifers vs. Artemia) on larval body density and time taken 
to return to pre-feeding density following a single satiated ration for yellowtail kingfish on 12 
days post hatch. The horizontal dotted line indicates neutral buoyancy (1.0260 g cm
-3) at 
ambient salinity. Symbol * indicates significant differences within sampling times after 
feeding between prey type (P > 0.05). Values are mean ± SD (n = 2 for the rotifer treatment 
and n = 5 5for the Artemia treatment). 
Figure 3. Time required returning to pre-feeding density (1.0252 g cm
-3) in yellowtail 
kingfish larvae following a single satiated ration. Different letters indicate significant 
differences between sampling days (P < 0.05). Values are mean ± SD (n = 5). 
Figure 4. The effect of Artemia feeding treatments on yellowtail kingfish larval body density 
prior to the dark phase (measured at 1700h). The horizontal dotted line indicates neutral 
buoyancy (1.0260 g cm
-3) at ambient salinity. Symbol * indicates significant difference 
between feeding treatments within age (P < 0.05). Values are mean ± SD (n = 5). 
Figure 5. Growth in standard length of yellowtail kingfish larvae fed either a control or an 
adaptive Artemia feeding treatment (n = 5).  
Figure 6. Daily mortality of yellowtail kingfish larvae fed two Artemia feeding treatments. 
Symbol * indicates significant differences between feeding treatments within each sampling 
day (P < 0.05). Values are mean ± SD (n = 5). Symbol ‡ indicates mortality on 16 and 17 dph 
approached zero.   ACCEPTED MANUSCRIPT
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Highlights 
 
  Larval fish mortality is mainly due to larval sinking response after satiated feeding 
  The change in body density can be used as a tool to determine the time of feeding to ensure 
neutral buoyancy 
  The use of the adaptive regime (ie., feed fish according to fish density change overtime) 
reduced mortality by 20%  
  The strategy of an adaptive feeding is a novel management tool to prevent larval sinking and 
mortality 